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Decomposition Rate Measurements of RP-1, RP-2,
n-Dodecane, and RP-1 with Fuel Stabilizers (Preprint)

Megan E. MacDonald", David F. Davidson? and Ronald K. Hanson®
Stanford University, Stanford, CA, 94305

Decomposition rates of gas-phase kerosene-based fuels and surrogates with and without
the addition of a thermal stabilizer additive were measured at high temperatures in an
aerosol shock tube. Fuels studied include RP-1, RP-2, and n-dodecane, and the thermal
stabilizer studied was 1,2,3,4-tetrahydroquinoline. Decomposition rates were measured in
approximately 0.5% fuel/argon mixtures for temperatures of 1100 to 1300 K and pressures
of 3 to 8 atm. Fuel concentration was measured using infrared laser absorption at 3.39
micrometers. The decomposition rates for neat RP-1 and RP-2 were found to be very similar
and were found to be slower than that of a simple kerosene surrogate, n-dodecane.

Nomenclature

fuel concentration

detected laser signal

detected reference laser signal
decomposition rate

path length through the shock tube
pressure

universal gas constant

time

temperature
1,2,3,4-tetrahydroquinoline
fuel mole fraction

absorbance

absorption cross section
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I. Introduction

IGH-performance regeneratively cooled engines require fuel that not only performs well as a propellant, but

also acts as a coolant for the engine. These fuels are exposed to high temperatures in cooling passages and are
designed to “crack” into smaller fuel fragments, thereby absorbing both sensible and chemical energy from the
engine. However, operating temperatures of the engines in these high-performance vehicles is often high enough
that fragments of cracked fuel form coke in the cooling channels, restricting the flow and hindering the heat transfer
process. Three main mechanisms of coke formation have been described in the literature: oxidative, catalytic, and
condensation.”® This study deals with the prevention of condensation coke, which is predominant at temperatures
above 825 K and occurs when the fuel is heated enough to decompose into smaller fuel fragments.* Many groups
have proposed additives to act as thermal stabilizers for existing fuels**? and Ref. 5 even reports decomposition
rates for n-dodecane with the additives benzyl alcohol and 1,2,3,4-tetrahydroquinoline (THQ). Here we seek to
determine decomposition rates for RP-1, RP-2, and a common surrogate, n-dodecane, and to study the effect of THQ
on the decomposition rate of RP-1. If we assume that faster decomposition leads to faster deposit formation, and
that an additive which decreases fuel decomposition rate also decreases deposit formation, then studying
decomposition rate gives a measure of how useful an additive may be in preventing deposit formation. RP-1 was
studied because of its use in high-temperature engines where coking is a major concern. RP-2 is a slightly different
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hydrocarbon mixture than RP-1, with tighter End Wall
restrictions on sulfur and lower olefin content
intended to give it better thermal stability than RP-
1.2  Dodecane is a common single-component Bear spltter
surrogate for many kerosenes.™* / 5em

Bandpass filter:
HeNe (3.39 um)

3345 nm - 3435 nm

1. Experimental Setup

The experiments were performed in the Aerosol 7
Shock Tube (AST) facility in the High Temperature 8 -
. . R andpass filter: 4

Gasdynamics Laboratory at Stanford University Insb detector
described in detail in Refs. 15 and 16. For many  >>0nm-3450mm I PDA3GA

. . detector
shock tube studies, the concentration of heavy fuels Nonresonant |
is limited by the low vapor pressure of the fuel. The laser Shock Tris to cecrease
AST is unique in its fuel introduction method in that emission signal
the fuel is nebulized into aerosol form, which then
flows through the tube in a carrier bath gas. With Figure 1. 3.39 um and non-resonant (670 or 1335 nm)
this method, much higher fuel concentrations can be  [aser setup.
obtained than by conventional vapor pressure
methods. Two lasers were used in these experiments, both transmitting through a window located 5 cm from the
end wall of the tube. A non-resonant wavelength (670 or 1335 nm) generated using a diode laser was located away
from any absorption features of the fuels, intermediate species, and products. It therefore was only sensitive to
scattering of the aerosol droplets. The second laser was a mid-infrared HeNe emitting at 3.39 pm (2947.909 cm™)
which was located on an absorption feature characteristic to hydrocarbon fuels and is therefore sensitive to both
aerosol scattering and vapor absorption. Figure 1 shows the laser layout for these experiments.

| \
|

I11. Theory

The amount of RP-1 in each shock tube experiment is determined using a Beer’s law absorption method, which
relates fuel concentration to the amount of light that is absorbed when the laser light passes through the test gas
mixture. Each fuel has a unique absorption band, or wavelength region in which it absorbs light. The strength of the
absorption is characterized by its absorption cross section.

To determine decomposition rates from our shock tube measurements, we employ two key concepts. The first is
Beer's law, given in Eq. (1).

IL = exp(-oCL) (1)

[o]

The cross section, o, is a measure (per mole) of how much light the RP-1 vapor absorbs. C is the fuel concentration
in the test mixture, and L is the path length through the shock tube. The cross section is a function of the laser
wavelength and of the temperature of the fuel vapor. For these high molecular weight fuels the cross section is
independent of pressure. The absorption cross sections of the fuels in gaseous form were measured in a Nicolet
6700 FTIR for many wavelengths and at various temperatures. Reference 17 describes the test procedure for
gaseous measurements of liquid fuel blends. The temperature-dependent cross sections at the wavelength of interest
(3.39 um) are shown in Fig. 2a for the fuels tested. With knowledge of the cross section as a function of
temperature, the transmission (I/1,) through the test gas mixture, and the path length through the tube, we can make
quantitative measurements of fuel concentration in the shock tube.

The measured FTIR cross sections were limited to temperatures below approximately 800 K because the fuel
begins to decompose in the cell faster than the measurement can be completed. To obtain high temperature cross
sections, we once again employ Beer’s law to calculate cross sections from shock data. Rearranging Beer’s law
gives the definition of absorbance, a, a useful quantity for describing the data given in Figs. 3a and 3b. Equation (2)
gives this definition and a form of the absorbance that includes the mole fraction (this form requires the assumption
that the test mixture is an ideal gas).
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In Eq. (2), X is the mole fraction of fuel, P is the test mixture pressure, R is the universal gas constant, and T is the
test mixture temperature. Since the fuel mole fraction is constant across a shock wave, solving Eq. (2) for the mole
fraction in region 2 (the region after the incident shock and before the reflected shock) and equating to the mole
fraction in region 5 (the post-reflected shock region) gives Eq. (3). This relationship between the cross sections in
regions 2 and 5 holds for a single wavelength. (Regions 2 and 5 are labeled in Fig. 3a.)

_as5TP,

05
a, T,Ps

o, ®)

With Eg. (3), for each shock we can calculate a high-temperature cross section in region 5 based on application
of the FTIR-determined cross sections in region 2. This results in the cross section plot shown in Fig. 2b.

80 T T T 70
) i 4 Dodecane [Ref. 18] @
o = RP-2 g
NE 70k ¢+ RP-1 | N2 50
= —t— = 40
S 651 Tt i)
g ‘g 30 a4 Dodecane [Ref. 18]
0 60 . T Dodecane [current study] a
§ 3 @ = RP-2
5 °oT 7 8 10 <+ RP-1 -
50 ] ] ] 0 I I I
400 500 600 700 800 400 600 800 1000 1200
Temperature [K] Temperature [K]
a) b)

Figure 2. a) FTIR-based absorption cross-sections at 3.39 um. b) FTIR- and shock-based absorption cross-
sections.

The second main concept required for determination of the overall decomposition rate is the assumption that the
decomposition reactions of these fuels follow the form of pseudo-first-order reactions as shown in Eq. (4) where K is
the reaction rate of this decomposition reaction.

fueIL) products (4)

For a pseudo-first-order reaction at the high-pressure limit, the decomposition rate does not vary with pressure.
Since fuels such as dodecane, RP-1, and RP-2 consist of large molecules, this high-pressure limit occurs at relatively
low pressures and we have assumed that the pressures of the current experiments, Ps = 3 to 8 atm, are near the high-

pressure limit. The equation describing pseudo-first-order kinetics is given as Eq. (5) where C is the fuel
concentration and t is time.

dc
S~ - kC 5
i 5)

Solving Eg. (5) for the time varying concentration gives Eq. (6).
3
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% = exp(—kt) (6)

0o

Equation (2) gives the normalized fuel concentration from the measured absorbance and Eq. (6) is the means by
which we determine decomposition rates, k, from the time histories of fuel concentration.

0.6 [~ Region 1-—|—2-|-7 Region 5——— 4
: ' ' ' : ' S 1.00 I T T
05 ~ r\\_\ g N
13 8 095+ They .
g 04f 3 2
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< 0.2F shock — Pressure 2cm) | 3§ 0.85
01k — 3.39 um (5 cm) % ““|— 5% THQ in RP-1 Measurement
— 670 nm (5 cm) £ - - - Exponential Fit
0.0 e S 0.80 ' ' '
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a) b)

Figure 3. a) Sample data for a 5% THQ in RP-1 shock with 0.3% fuel concentration in argon, Ps = 3.5 atm,
Ts = 1175K, regions 1, 2, and 5 have been labeled. b) Normalized fuel concentration decay for the shock in a),
t = 0 ms corresponds to the arrival of the reflected shock.

IV. Results and Discussion

Figure 3a shows a sample data trace for a 5% THQ in RP-1 shock. The incident and reflected shocks are clearly
visible, as is the decomposition of RP-1 in region 5. Distances listed in Fig. 3a refer to the distance of the laser or
pressure transducer from the shock tube end wall.

To convert the HeNe absorbance data of Fig. 3a into concentration, Eq. (2) and the cross section of fuel at Ts are
used. This cross section was obtained by the FTIR/shock method described above and is found in Fig. 2b.
Normalizing the time varying concentration to the initial concentration results in the plot shown in Fig. 3b. From
Eg. (6), fitting an exponential decay to the normalized fuel concentration in Fig. 3b gives the decomposition rate.
These decomposition rates are plotted in Fig. 4 for

The wavelength wused for the absorption
RP-1 measurements (3.39 um) corresponds to the C-H
RP-2 stretch vibration mode. Since RP-1 and RP-2 are
1 ! ! ! ! mixtures containing large hydrocarbons, which have
0.70 0.75 0.80 0.85 0.90 0.95 many of these C-H bonds, 3.39 um is strongly

1000/T [1/K] absorbed by both of these fuels and also by

Figure 4. Comparison of decomposition rates for dodecane. The intermediate species of the

Dodecane, RP-1, and RP-2. Pressure range 3 to 8 atm, ge(éomposition r<|e|actihon§ Ofb RP-1, RE'Z' anc]i‘
0.2 to 0.5% fuel in argon. odecane are smaller hydrocarbons. For the case o

Dodecane [Ref. 19]

1333K 1111K

10* | | | | 3 the fuels tested.
§ : As seen in Fig. 4, RP-2 has a lower
E 5 decomposition rate than RP-1 in the 1100 K to 1300
g 10F 3 K temperature range, as was intended when the RP-
S oF ] 2 specifications were set, whereas dodecane has
:§ oL i slightly higher decomposition rates.
g 10
o
[S]
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>
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dodecane, these intermediate hydrocarbons are species

such as ethylene, propylene, butane, hexane, methane, 10* 125,’0 K , , , 625 K
pentene, and methane.  The concentrations and = = .
identities of these species were determined by = 102 F |
simulations using existing kinetic mechanisms as % L i
explained in Ref. 19. These intermediates also absorb 10°F i
at 3.39 um and can therefore interfere with an § L 4
experiment intended to measure only absorption of the G 102k |
parent fuel. By using a kinetic mechanism to predict g | |
the amount of each intermediate species as the % a4l ¢ RP-1 |
decomposition progresses, and with knowledge of the & 10 | = RP-1[Ref. 21] |
absorption cross section of each of the intermediates, a - 6 , , , ,

shock tube absorption measurement can be corrected 10 0.6 0.8 1.0 1.2 1.4 1.6

to exclude interference from these species. For
dodecane, it has been determined that the absorption
interference from intermediates can result in an
underestimation of the decomposition rate by 25 to
30%.° However, since RP-1 and RP-2 are
hydrocarbon mixtures, no accepted kinetic mechanism
has been developed, which prohibits the prediction of
the identities and concentrations of intermediate
species. Therefore, it is noted that accounting for
intermediates is likely to increase the decomposition
rates of both RP-1 and RP-2, but no correction has
been made here because of the current lack of a
kinetic mechanism.

Figure 5 shows RP-1 decomposition data from the
current study along with lower temperature
decomposition rates for RP-1.2* It should be noted
that the rates from Ref. 21 were obtained by thermally
stressing liquid RP-1, while the current study presents
decomposition rates of RP-1 in the vapor phase. Even
so, these rates match well, despite a temperature
separation of nearly 400 K.

Once the decomposition rates of these fuels were

1000/T [1/K]
Figure 5. High- and low-temperature decomposition
rates for RP-1. Pressure range 3 to 8 atm, 0.2 to
0.5% fuel in argon.

4 1250K 1111K
T T

T T T TTTIT
I EEEET]
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N

1 1 1 I
0.80 0.85 0.90

10

0.75 0.95

1000/T [1/K]
Figure 6. Comparison of RP-1 decomposition rates
with and without THQ. Pressure range 3 to 8 atm, 0.2
to 0.5% fuel in argon.

characterized, we began studies on how additives would affect the decomposition of RP-1. Several additives have
been proposed to slow the decomposition rates of rocket propellants.*** Presented in Fig. 6 are decomposition rates
of RP-1 with the additive 1,2,3,4 - tetrahydroquinoline. THQ has been tested with dodecane and successfully
lowered decomposition rates in the 675 K to 725 K temperature range.” In the present study THQ was tested with
RP-1 at 5% by volume. The addition of 5% THQ to RP-1 tends to lower the decomposition rate even at high
temperatures. As observed in Ref. 5, the effects of additives decrease with increasing temperature, so it of interest to
note that THQ lowers the decomposition rate up to temperatures of approximately 1250 K.

V. Conclusion

The AST has proven to be a useful tool in determining the effects of additives on decomposition rates of fuels.
From the current data, it can be concluded that in the temperature range 1100 K to 1300 K, dodecane decomposes
faster than RP-1, while RP-2 tends to decompose slightly slower than RP-1. The addition of 5% by volume THQ to
RP-1 decreases the decomposition rate. These results suggest that THQ would be a good candidate for decreasing
deposit formation even up to temperatures of 1250 K.

Future work will include accounting for interference absorption from intermediate species to recover more
accurate decomposition rates. Additional work will also be performed to extend the temperature range of these
experiments to lower temperatures. This will be accomplished with the installation of a shock tube driver extension,
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giving longer test times which will allow observations of slower decomposition rates. This larger temperature range
may also give a large enough temperature range for an acceptable calculation of the activation energies of these
decomposition reactions. Additional additives will also be tested, with focus on benzyl alcohol.
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